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Abstract. Recent work has demonstrated the capability of applying inverse methods to automated eddy current (EC) data
of surface breaking cracks and notches of various sizes, orientations and aspect ratios. However, not all eddy current
indications in turbine engine component inspections originate from cracks, which can result in the unnecessary removal of
engine components from service. For powder metallurgy nickel-based superalloys, non-metallic inclusions (NMlIs) and
non-metallic particles are frequently present. If an EC inspection can reliably classify NMI indications from crack
indications, there would be great payoff for the USAF. In this work, simulated results are presented to highlight differences
in eddy current signals from cracks and NMIs. Progress is presented on the development of a new model-based inversion
scheme highlighting enhancements to the numerical model VIC-3D®, improved indication registration in noisy scans, and
the fitting and evaluation of multiple surrogate model classes. Lastly, inversion results demonstrate the ability to distinguish
cracks and NMIs, and the potential to characterize the approximate dimensions and depth of NMIs.

INTRODUCTION

An important criterion for life management of low cycle fatigue limited turbine engine components is damage
tolerance. The use of eddy current (EC) nondestructive evaluation (NDE) techniques to detect damage in aircraft
structures and propulsion components is a key part of United States Air Force programs to ensure that the risk of
failures meets the desired requirements [1]. Building on early foundational work [2-5], recent progress has
demonstrated the capability of characterizing surface breaking cracks and notches of various sizes, orientations and
aspect ratios, as well as varying test and probe conditions, using EC NDE with model-based inverse methods [6-12].
However, not all eddy current indications in turbine engine component inspections originate from cracks, which can
result in the unnecessary removal of engine components from service. For powder metallurgy nickel-based
superalloys, non-metallic inclusions (NMlIs) and non-metallic particles (NMPs) are frequently present [13]. If an EC
inspection can reliably classify NMI indications from crack indications, especially if the NMI is sub-surface, there
would be a great payoff for the USAF. In this paper, simulated results will be presented to highlight differences in
eddy current signals from cracks and NMIs with varying depths. The development and application of a model-based
inversion scheme for cracks and NMIs will also be presented, to demonstrate the ability to distinguish crack and NMI
indications, and the potential to characterize the approximate dimensions and depth of NMIs.

FIRST-PRINCIPALS ON CLASSIFYING CRACKS AND NMIS

The NDE inspection of cracks and NMIs in this paper was performed using the KBRwyle-developed Eddy
Current Inspection Station (ECIS) [7]. All experimental and simulated results were for D20 split-D differential probes,
with a size of ~ 20 mils (0.5 mm) operated at 6 MHz. At this frequency, the skin depth for a nickel superalloy is ~ 9.1
mils (0.23 mm). Diagrams of the inspection of parameterized surface crack/notch and NMI models are shown in Fig.
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1(a)-1(b). Photos of a notch, a crack and two NMIs [13] are presented in Fig. 1(c)-1(f). Parametric models are expected
to adequately represent the key factors influencing the eddy current response of these different discontinuities without
requiring an excessive number of variables that might hinder inversion to a ‘global’ solution. NMIs/NMPs are also
assumed to contain oxides or air, with low conductivity relative to the substrate. More information on the split-D
differential probe model in VIC-3D® can be found in prior work [3,6-12].

Figure 2 shows simulated results for an approximate longitudinal crack, tangential crack and a 5 mil (125 pm)
cuboid NMI, for the horizontal (Vx) measurement channel. Note, the simulated horizontal component does provide
unique characteristics for all three of flaw shapes / orientations simulated here. These shape characteristics provide
promise for the ability to both distinguish and size NMIs from cracks, even for relatively small discontinuities.
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FIGURE 1. Diagrams of split-D differential EC probe inspection of parameterized (a) surface breaking crack/notch and (b)
approximate NMI models. Example images of (c) notch, (d) surface crack, and surface breaking NMlIs [13] with depth of (e) 190

pm and () 150 pm.
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FIGURE 2. Diagrams and parametric VIC-3D® simulations of the split-D differential eddy current response for the horizontal
component (Vx) showing the shape transformation from (a) a transverse and (b) a longitudinal crack/notch (5 x 5 x 1 mil in size,
length x depth x width) relative to (c) surface-breaking cubic inclusion / pit (5 x 5 x 5 mil in size).

Figure 3 presents the reactance (X) 2D raster scan response for the simulated inclusion model [see Figure 2(a)]
with varying depth and size. In these studies, the three size dimensions were fixed to one another, simulating a cuboid.
Magnitude of reactance was found to change with both pit size and depth but little to no ‘shape’ changes with respect
to inclusion size and depth were observed. Figure 4 presents the impedance plane response (R vs. X) through the peak
response (y = 0), demonstrating a clear phase change with increasing depth, regardless of size. This “phase lag”
characteristic is a classic feature in EM / eddy current signals that enables estimation of the depth of a defect within a
substrate [14-21]. Using the maximum impedance plane amplitude and the phase (at this max response), results are
presented in Fig. 5 showing the ability to resolve pit depth and size using these two metrics. Note, amplitude is plotted
in a dB-scale and at some point, with increasing depth, the response from deep NMIs will be lost in noise.
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FIGURE 3. Reactance (X, in ohms) 2D raster scan response for a simulated NMIs with varying size (2a) and depth (z): (a) 2a=7.5,
z=1.25 mils, (b) 2a=7.5, z=2.5 mils, (c) 2a=7.5, z=5.0 mils, (d) 2a=5.0, z=1.25 mils, (e) 2a=5.0, z=2.5 mils, (f) 2a=5.0, z=5.0 mils,
(g) 2a=2.5, z=1.25 mils, (h) 2a=2.5, z=2.5 mils, (i) 2a=2.5, z=5.0 mils.
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FIGURE 4. Impedance plane response (scan in x direction with y = 0) for a simulated inclusion with varying size (2a) and depth
(2): (a) 2a=7.5, z=1.25 mils, (b) 2a=7.5, z=2.5 mils, (c) 2a=7.5, z=5.0 mils, (d) 2a=5.0, z=1.25 mils, (e) 2a=5.0, z=2.5 mils, (f)
2a=5.0, z=5.0 mils, (g) 2a=2.5, z=1.25 mils, (h) 2a=2.5, z=2.5 mils, (i) 2a=2.5, z=5.0 mils.
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FIGURE 5. Normalized maximum impedance plane amplitude and phase (at max. amplitude) for a simulated inclusion with
varying depth (z, in mils) and size (2a, in mils).

MODEL-BASED INVERSION PROCESS

The classification problem is to distinguish and size the indication as either a surface breaking crack or an NMI
(both surface-breaking and sub-surface) using model-based inversion, leveraging the unique magnitude, phase and
shape characteristics of these different classes of discontinuity. The inversion process is presented in Fig. 6. Surrogate
models were created using simulated results from VIC-3D® for the D20 split-D differential probe at 6 MHz with a
raster scan resolution, at 2 mils x 2.5 mils (x,y). Note, refinements to the field extent of the VIC-3D® probe model
were made, to address some errors discovered for the tails of the response for small D20 probe. Surrogate models
using fast interpolators were implemented to provide the means to improve the speed of the inverse methods.
Calibration for all inspections was performed using a single 15 x 8 x 3 mil notch in an IN100 plate. With the calibrated
surrogate model, the inversion step can be performed with processed experimental data. A nonlinear least-squares
estimator (NLSE) is used to perform the general inversion process in conjunction with an iterative scheme to avoid
local minima. Additional details on the base inversion scheme and surrogate model can be found in prior work [6-12].

For addressing both cracks and NMIs using a single inversion scheme, several parts of this process were modified
(see Fig. 6, highlighted in yellow). First, due to the generally poor signal to noise of small NMI indications considered
to date, there was a need to improve registration of the NMI EC feature, essentially improve alignment of the center
of the signal in the 2D raster scan for inversion. Second, additional surrogate models covering NMIs, for surface
breaking or sub-surface were needed. Lastly, the decision was made to maintain the dimensionality of the inverse
problem to a reasonable number of parameters, four, to both minimize the number of required forward model solutions
and maintain a reasonable number of parameters to estimate to achieve a more well-posed inversion problem.

Figure 7 presents the new modeling approach, creating three sets of VIC-3D® forward model solutions
representing: (a) a semi-elliptical crack/notch, (b) parameterized rectangular cuboid surface inclusion and (c)
parameterized rectangular cuboid sub-surface inclusion (where angle is orientation about the z axis in x-y plane). This
approach addressed some prior difficultly in achieving quality depth estimates of pits that are sub-surface using a
single surrogate model for NMIs. By breaking up the surrogate models for surface-breaking NMIs and subsurface
NMIs, it enabled greater sensitivity for sizing surface breaking NMIs and also estimating the depth of sub-surface
NMIs

080007-4
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FIGURE 6. Diagram of model-based inversion process for 2D eddy current raster scan data from crack/notch and surface/sub-

surface inclusions.
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FIGURE 7. VIC-3D® forward model solutions for surrogate model: (a) a semi-elliptical crack/notch, (b) a parallelpiped surface
non-metallic inclusion and (c) a parallelpiped sub-surface non-metallic inclusion (angle is orientation about z axis in x-y plane).

Figure 8 shows three indications in a nickel-alloy considered to be likely NMlIs. For these three likely NMIs
indications, they generally exhibited poor signal to noise relative to the scan and material noise signals present in data,
as shown in Fig. 9(a). Some surface roughness was observed and polishing of the specimen surface was performed to
help remove some of this noise (see Fig. 8). Note, polishing will remove some amount of the top surface,
approximately 0.5 to 1 mils, likely reducing the depth of the NMI slightly in the process. Given the generally poor
signal to noise from these small indications, there was a need to improve registration of the NMI EC feature, to
improve alignment of the center of the signal in the 2D raster scan for inversion. Figure 9 presents a new approach to
process experimental data to improve noise removal and better register the center of the data set for comparison to the
surrogate model. To help clean up the noise signals that are aligned with the two scan axes, a median filter approach
was first applied to fit and remove the underlying regular trends in the background response in the x- and y-directions.
Clearer images are achieved as shown in Fig. 9(b). Next, a 2D matched filter was implemented to evaluate the best fit
with a typical response from a pit indication. Fig. 9(c) shows the horizontal and vertical components of the eddy
current response for a 5 x 5 x 5 mil cuboidal NMI. Example results are presented in Fig. 9(d) for the convolution maps
between filtered data and the matched filter. The peak locations in the two convolution maps provide a likely indication
of the center of the NMI response. This convolution operation has also been shown to be successful in registering
indications from smaller cracks as well.
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(d)

FIGURE 8. NMI surface indication #4 (a) before and (b) after polishing, #5 (c) before and (d) after polishing, and #7 (e) before
and (f) after polishing.
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FIGURE 9. (a) Experimental eddy current C-scan response for a likely NMI indication embedded in scan noise [LEFT, horizontal
component, RIGHT, vertical component], (b) filtered C-scan data, (c) simulated response for a 5 x 5 x 5 mil inclusion used for
matched filter, and (d) convolution of filtered C-scan data with matched-filter.

INVERSION RESULTS

Three test cases for studying the inversion of eddy current data from a semi-elliptical crack/notch, a surface
breaking inclusion and a sub-surface inclusion are presented in Tables 1-3 respectively. Case 1 considered
experimental ECIS data from a 9.8 x 9.5 mil x 1.2 mil EDM notch. The inversion process was performed using all
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three models and quantitative results are shown in Table 1. The crack/notch model was found to produce the best fit
based on mean square error (MSE) metric. The two pit models were found to hit constraints on lateral aspect ratio and
sub-surface depth, while attempting to best approximate the response of the narrow deep notch that extends from the
surface. Error on the inversion of notch length and depth for this case was very good, less than 10% error.

Case 2 considered ECIS data from the likely NMI indication #4 [see Fig. 8(a)], prior to polishing. Again, the
inversion process was performed using all three models and quantitative results are shown in Table 2. Both the surface
pit and the surface notch models were found to produce the best fits with similar mean square error (MSE) values. A
comparison of the best fit model to the experimental results is shown in Fig. 10, for the surface NMI results. Both the
crack/notch model and the sub-surface pit model were found to hit constraints on notch width and sub-surface depth
respectively; however, the crack/notch model was able to achieve a very similar response to the surface NMI/NMP
model due to its small size. Both the notch and surface pit depths estimates were very shallow, estimated to be below
1 mil (25 pm) in depth. Feedback from the team supports the assertion from the inversion results that these NMIs are
very shallow. Future work is planned to grow fatigue cracks from these NMlIs following prior work [13], and
subsequently perform destructive characterization to provide insight on their true depth.

Due to the lack of a well-controlled test specimen with sub-surface NMIs to date, case 3 considered hybrid data
from a simulated sub-surface NMI, with dimensions of 5.75 x 5.75 x 5.75 mils in size, and 4.5 mils in depth, mixed
with experimental noise from an unflawed test specimen. These values were chosen because they represent an
intermediate point in the surrogate model. Again, the inversion process was performed using all three models and
quantitative results are shown in Table 3. The sub-surface pit model was found to correctly produce the best fit based
on MSE. A comparison of the best fit sub-surface pit model to the experimental results is shown in Fig. 11. Both the
crack/notch model and the surface pit model were found to estimate the response to be quite extreme in aspect ratio
and the MSE was about 4 times higher than the sub-surface pit model estimate. Essentially, the surface-breaking flaw
models do not exhibit the proper phase / ratio of horizontal to vertical response that is expected from sub-surface
discontinuities [compare Fig. 11(c) with respect to Fig. 10(c)], leading to poor inversion fits by MSE. The successful
results from cases 1-3 indicate the potential for this inversion scheme to address the proper classification and possible
sizing of both cracks and NMIs of varying depth. In particular, the ability to accurately classify large sub-surface
NMIs from surface breaking indications is quite positive development.

TABLE 1. Inversion results for a 9.8 x 9.5 x 1.2 mil longitudinal orientation EDM notch, using three surrogate model fits.

model est. depth | est. length est. width | est. asp.rat. est. zdepth est. volume| MSE1 |% converge
mils mils mils () mils mils"3
known 9.5 9.8 1.2 8.2 0.00 112
crack/notch 9.6 10.4 14 7.6 0.00 136 107.0 0.76
surface NMI/NMP 8.7 7.2 3.6 2.0 0.00 223 138.3 0.80
sub-surface NMI/NMP 5.2 10.3 5.2 0.5 1.25 275 176.7 0.55

Hitting constraint in inversion table

TABLE 2. Inversion results for a likely NMI indication #4, using three surrogate model fit

model est. depth est. length est. width est. asp.rat. est.zdepth est.volume| MSE1 % converge
mils mils mils () mils milsh3
known ? ? ? ? 0.00 ?
crack/notch 0.8 9.5 5.0 1.9 0.00 38 5.8 0.39
surface NMI/NMP 0.6 7.1 5.9 0.8 0.00 27 5.8 0.39
sub-surface NMI/NMP 2.5 5.0 2.5 0.5 1.25 32 6.4 0.62

Hitting constraint in inversion table

TABLE 3. Inversion results for simulated sub-surface NMI with experimental noise, using three surrogate model fit.

model est. depth est. length est. width est. asp.rat. est.zdepth est.volume| MSE1 |% converge
mils mils mils () mils mils”3
known 5.8 5.8 5.8 1.0 4.50 190
crack/notch 20.0 1.7 5.0 0.3 0.00 172 111 0.86
surface NMI/NMP 10.0 2.6 2.4 1.1 0.00 63 10.0 0.73
sub-surface NMI/NMP 5.7 5.7 5.7 1.0 4.47 187 3.8 0.71
080007-7
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RIGHT, vertical component], (b) VIC-3D® model-based inversion results, (c) impedance plane comparison between model and
experiment of peak (x-dir. scan) response, and a comparison for select scan lines of (d) horizontal and (e) vertical components.
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FIGURE 11. Model-based inversion of simulated sub-surface NMI: (a) ECIS data indication [LEFT, horizontal component,
RIGHT, vertical component], (b) VIC-3D® model-based inversion results, (c) impedance plane comparison between model and
experiment of peak (x-dir. scan) response, and a comparison for select scan lines of (d) horizontal and (e) vertical components.

Lastly, additional ECIS data scans from the likely NMI indications #4, #5 and #7 shown in Fig. 8 were acquired.
Inversion results are presented in Table 4-6 for the three likely NMIs for varying flaw orientation and different levels
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of surfaces polishing. Note, due to poor signal to noise leading to poor registration, one scan failed to achieve quality
inversion results. Care is needed in reviewing the output of the inversion process. For these three indications, the pit
depths again appear to be very shallow, below 2 mils. There are some trends in the results that indicate a reduction the
response due to polish, resulting in some cases of lower estimates for depth and/or volume of the pit. However, the
trends with increased polishing are far from perfect. It is expected that precisely estimating the dimensions of such
shallow weak indications will be very difficult. However, the inversion process can do a reasonable job of estimating
a ‘potential range’ of sizes for NMIs. None of these indications are being called as large cracks or deep large NMIs.
Follow-on studies and destructive characterization are planned to ascertain their true depths.

TABLE 4. Inversion results for NMI indication #4 from multiple scans and instances of surface polishing.

NMI model orientation | est. depth est.length est. width est. asp.rat. est. zdepth est.volume| MSE1
mils mils mils () mils milsh3
4 pre-polish 0 0.8 9.5 5.0 1.9 0.00 38 5.8
4 pre-polish 90 1.2 5.7 4.4 1.3 0.00 30 6.2
4 after polish 1 0 0.4 10.3 8.1 0.8 0.00 33 4.3
4 after polish 1 90 0.4 13.0 6.5 0.5 0.00 35 5.3
4 after polish 2 1] 0.3 11.6 8.4 0.7 0.00 31 44
4 after polish 2 90 0.3 16.3 8.1 0.5 0.00 34 5.4

TABLE 5. Inversion results for NMI indication #5 from multiple scans and instances of surface polishing.

NMI model orientation | est. depth est.length est. width est. asp.rat. est. zdepth est.volume| MSE1
mils mils mils () mils mils"3
5 pre-polish 1] 1.8 2.6 2.3 0.9 0.00 11 8.2
5 pre-polish 90 1.4 4.3 3.3 1.3 0.00 20 8.9
5 after polish 1 0 1.1 44 3.8 1.2 0.00 19 3.9
5 after polish 1 90 0.6 7.4 5.5 1.3 0.00 25 4.5
5 after polish 2 0 0.1 15.7 10.0 1.6 0.00 10 3.6
5 after polish 2 90 0.7 1.9 1.0 0.5 0.00 1 3.7

TABLE 6. Inversion results for NMI indication #7 from multiple scans and instances of surface polishing.

NMI model orientation | est. depth est.length est. width est. asp.rat. est. zdepth est.volume| MSE1
mils mils mils () mils milsh3
7 pre-polish 1] 0.4 19.8 4.6 43 0.00 37 5.1
7 pre-polish 90 0.8 6.0 5.5 0.9 0.00 28 5.1
7 after polish 1 0 0.2 12.4 7.4 1.7 0.00 14 3.8
7 after polish 1 90 0.9 2.9 4.6 0.6 0.00 12 4.6

CONCLUSIONS AND FUTURE WORK

In this work, the problem of distinguishing cracks from non-metallic inclusions was considered. Simulated results
were presented that highlight differences in magnitude, phase and shape characteristics of the eddy current signals
from cracks and NMIs. Progress was presented on the development of a new model-based inversion scheme
highlighting enhancements to the numerical model VIC-3D®, improved indication registration for noisy scans, and
the fitting and evaluation of multiple surrogate model classes for classification and characterization. A series of case
studies were used to demonstrate the potential for this inversion scheme to address proper classification and possible
sizing of both crack and NMIs of varying depth. Future work is planned for growing fatigue cracks from the shallow
NMIs presented in this paper, including subsequent destructive characterization to verify their depth. While the sub-
surface NMI demonstration using hybrid (model + experimental noise) data was considered a positive first step,
verification with physical specimens is needed. Additional test specimens with embedding non-metallic inclusions
under a thin top sheet of Waspaloy are under development for future work.
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